disease. Current evidence suggests that U-CLL BCR combining sites can interact with a variety of antigens (12) (13) (14) (15) . Although these U-CLL BCR-antigen interactions are presumed to be of low affinity, specific measurements of affinity are not available.
Because of these observations, it is tantalizing to hypothesize that multispecific interactions between U-CLL BCRs and antigens drive the proliferation of leukemic B cells. Here we describe the use of peptide phage display containing a very large number of random epitopes to study recognition by a U-CLL BCR. Our motivation for this work was twofold. First, the identification of agents that can target U-CLL BCRs would be of potential use for diagnosis and treatment. Current CLL therapies are not targeted to BCRs with specific structures and, therefore, the specificity of such treatments could be enhanced by development of U-CLL BCR-binding peptides as targeting agents. Furthermore, such reagents could be used in flow cytometry assays to determine whether B lymphocytes bearing specific BCRs are present in blood and in what abundance. This might be especially helpful, not only in CLL, but also in healthy individuals with the condition known as monoclonal B lymphocytosis (18, 19) that appears to be a prerequisite preamble to CLL (20) . Second, the characterization of binding specificities offers insight into the behavior of a disease-associated germline-encoded antibody, and the extent that these antibodies resemble early stages of normal B-cell and antibody evolution. Peptides that are specific for U-CLL could serve as biological and structural probes to decipher aspects of U-CLL BCR recognition.
In this study, we identified a diverse panel of peptide-phage clones that bind an mAb derived from a U-CLL clone. Studies with synthetic peptides indicated that some were specific for this U-CLL BCR and that in general the affinities of these, measured by surface plasmon resonance, were much lower than that of an M-CLL mAb.
MATERIALS AND METHODS

Expression and Purification of U-CLL mAb 068 and M-CLL mAb169
Studies were approved by the Institutional Review Board of North Shore-LIJ Health System (Manhasset, NY, USA) and performed in accordance with the Helsinki agreement. In brief, ribonucleic acid (RNA) from patient's blood mononuclear cells was reverse-transcribed into cDNA. The variable segments of rearranged immunoglobulin heavy (IGH) and immunoglobulin light (IGL) of U-CLL 068 and M-CLL 169 were expressed as human IgG1 as described previously (15) .
Phage Library Sorting and Analysis
Preparation of the pVIII peptide library was reported previously (21) . Wells of Costar EIA/RIA high-binding plates (Corning, Big Flats, NY, USA) were coated with U-CLL mAb068 in phosphatebuffered saline (PBS, pH 7.4) for 1 h at room temperature. The well solutions were decanted and unbound well sites blocked by incubation with PBS containing 3% (w/v) human serum albumin (HSA) for 1 h at room temperature. After washing with PBS containing 0.05 % (v/v) Tween 20 (PBS-T), freshly amplified library phage at titers of ~10 13 plaqueforming units (PFU)/mL in PBS/0.5 % HSA were added to wells and allowed to bind for 1 h. Next, wells were washed six times with PBS-T. Bound phages were eluted by the addition of 100 μL 100 mmol/L glycine hydrochloride (Gly·HCl) pH 2.0 for 5 min. The phage solution was neutralized in 30 μL of 2 mol/L tris(hydroxymethyl)aminomethane (Tris) pH 8.0 and then propagated overnight at 37°C in XL1-Blue E. coli (Stratagene, La Jolla, CA, USA). The cells were removed by centrifugation, the phage precipitated by addition of 0.5 mol/L NaCl and 4% (w/v) polyethylene glycol (PEG) 8000 and used directly for the subsequent round of selection. Reactivity of output populations from the selection with U-CLL mAb068 or HSA were assessed using phage enzymelinked immunosorbent assay (ELISA). mAb068 or HSA was immobilized into wells of Costar EIA/RIA plates and blocked as above. Freshly-amplified phage populations from each round of selection were incubated with the target for 1 h at room temperature, and the wells washed three times with PBS-T. An anti-M13/horseradish peroxidase conjugate (GE Healthcare, Piscataway, NJ, USA) was added as per the manufacturer's protocol and allowed to incubate for 1 h. After washing with PBS-T, 100 μL of 3,3′,5,5′-tetramethylbenzidine substrate (SureBlue, Kirkegaard & Perry Laboratories, Gaithersburg, MD, USA) were added. The color was allowed to develop for 5 min, quenched with 1 mol/L HCl, and the absorbance at 450 nm determined. Analyses of individual clones from the R3 and R4 populations were similar, except that the phages were grown as small-scale cultures (1 mL) in 96-deep well plates. Following centrifugation, the culture supernatants were applied directly to the immobilized U-CLL mAb068 or HSA.
Peptide Synthesis and Purification
All peptide were produced by solidphase peptide synthesis using standard Fmoc (N-[9-fluorenyl]methoxycarbonyl) chemistry at the Tufts University Biopolymer Facility (Boston, MA, USA). Following synthesis, simultaneous side chain deprotection and cleavage from resin were achieved by treating them with 95% trifluoroacetic acid, 2.5% 1,2-ethanedithiol, and 2.5% thioanisole for 3 h. The resin was removed by filtration, and the peptide precipitated by the addition of cold diethylether. The peptide was pelleted by centrifugation, the pellet washed twice with cold diethyl ether, and the peptides dissolved in water/acetonitrile and lyophilized. For peptides containing disulfide bonds, the crude peptide was dissolved in water at low concentrations (<0.5 mg/mL) and the pH adjusted to 7 to 8. 
Surface Plasmon Resonance
All measurements were performed on a Biacore 3000 instrument at room temperature in running buffer (20 mmol 
. U-CLL mAb068 or M-CLL mAb169 were immobilized to CM5 chips (GE Healthcare) as specified by the manufacturer at loading levels of 17,000-22,000 response units (RUs). The peptides were dissolved in running buffer and sensorgrams obtained by flowing peptide solutions at various concentrations over the immobilized mAb surface at a flow rate of 40 μL/min. Sensorgrams were fit to a standard 1:1 Langmuir model using BIAevaluation 4.1 (Biacore) software. Adequacy of data fitting was assessed using the parameters χ 2 . When possible, mAb-coated surfaces were regenerated by 10 mmol/L KOH. Peptide and protein concentrations were determined by absorbance at 280 nm.
All supplementary materials are available online at www.molmed.org.
RESULTS
A mAb That Corresponds to a U-CLL BCR
The amino acid sequences of the IGHV-D-J and IGLVκ-Jκ rearrangements determine the architecture of the antigenbinding domain of a BCR (Figure 1 ). For the following studies, the IGHV-D-J and IGKVκ-Jκ rearrangements from the leukemic cells of patient CLL068 were linked molecularly to an IGHCγ1 segment to produce an immunoglobulin G1 (IgG1) mAb. Although the native CLL 068 BCR/mAb is of the immunoglobulin M (IgM) isotype, structural studies with full-length mAbs and mAb fragments (for example, antigen-binding fragments, Fabs, or single-chain variable fragments (scFvs), indicate that overall combining site topology is usually independent of constant domains (22) , although exceptions have been noted (23) . Therefore, an IgG1 mAb containing the IGHV-D-J/ IGLV/J rearrangements of a U-CLL BCR will likely be an effective mimic of the cell-surface combining site. The design and analysis of U-CLL mAb068 expressed with a human IgG1 domain has been described previously (15) . The U-CLL mAb068 antigen-binding domain contains the IGHV1-69 germline segment, which is frequently selected among virus neutralizing antibodies and whose combining site interactions typically involve a hydrophobic second heavy chain complementarity-determining region (HCDR2) (24) , linked to IGHD3-16 and IGHJ3 segments. It is estimated that the IGHV1-69 germline segment comprises less than 2% of productive rearrangements in normal blood B lymphocytes (25) , perhaps a surprising observation considering its prevalence in CLL cells and viral responses. Both the IGHV-D-J and IGLVκ-Jκ rearrangements of U-CLL mAb068 are identical to germline segments ( Supplementary Figure S1 ). In addition, these rearrangements exhibit characteristic junctional amino acids (4) . Finally, the antigenbinding site represented by the U-CLL mAb068 IGHV-D-J and IGLVκ-Jκ rearrangement is shared by multiple CLL patients (4) (5) (6) (7) (8) . Therefore understanding the antigen-binding characteristics of U-CLL mAb068 will be applicable to those of multiple patients.
R E S E A R C H A R T I C L E
Phage Display Selection of Peptides that Bind U-CLL mAb068
To explore the range of U-CLL mAb068 combining site reactivities, we screened a high complexity peptide phage display library against immobilized U-CLL mAb068. Previous attempts to isolate binding peptides that target U-CLL mAb068 from a commerciallyavailable library containing random linear peptide segments displayed on the M13 minor coat protein pIII (the "PhD library") yielded only a single sequence with low-level binding activity (sequence WPLWSIPPFSPR) (26) . Here, we used a library in which random peptide segments (containing both linear and disulfide crosslinks) were expressed on the major M13 coat protein pVIII using a two-plasmid phagemid/helper phage system (27) . The diversity of the displayed peptides (Table 1) includes random segments from 7 to 20 residues, in many cases containing cysteine residues at various spacings that are expected to form disulfide bonds upon phage assembly. Linear random sequences (X 8 ) also were included, as were sequences containing a central reverse turn-promoting GP~ dipeptide. The pVIII display format is expected to display peptides oñ 50 of the 2700 pVIII copies per M13 phage particle. The library complexity was 10 11 clones (21).
Four rounds of selection were performed against U-CLL mAb068. Phage ELISA of the unselected library population (R0) and the output populations from rounds 2, 3 and 4 (R2-R4) indicate that the selection resulted in enhanced binding activity for wells containing U-CLL mAb068. To examine the specificity of the later rounds, the R3 and R4 populations were tested for binding to wells containing the negative control a All random segments produced as N-terminal pVIII fusions; X = any amino acid as encoded by the combinatorial codon NNS (N = A/T/C/G, S = C/G). LGCDVIYWSSGWGCKF 31  B3  GSCSLSIVTIPCGV  30  D3  VTCAAFSLFPFCYN  28  E7  CHPGWPCFW  28  D8  GGCNLSVLWCLD  27  F10  NECILVNGDRWCIS  27  E6  FPCWALPSQYLCRP  27  D11  TACNLSVSWCEF  20  G11  TNCGFLYLGCVI  18  E9  FDCGDGSWRYYLDCVR  18  B7  TSCRVLWIMTLCNA  18  B10  EVCNNKLWPCFW  16  A8  GGCGWLWVSCVI  14  A2  CSPAWPCWW  14  F2  LPCAGRSFPCYW  14  C8  DRCLLWVSLCMA  13  E1  CIPMWPCWW  13 a Identified clones and observed frequencies in cases where multiples were observed.
b
The underlined sequences specifically bound to U-CLL mAb068, but not an unrelated mAb, and retained binding activity in 750 mmol/L NaCl. Ratio of ELISA signals for wells coated with U-CLL mAb068 over wells coated with HSA negative control. In cases where a sequence was observed more than once, the average is shown. For all others, results for a single replicate are shown. In general, data among independent experiments were in good agreement.
protein, human serum albumin (HSA) ( Figure 1B ). Although some binding activity of the R3 and R4 populations was observed against HSA, the higher binding signals against U-CLL mAb068 at lower phage titers relative to HSA indicated that U-CLL mAb068-specific clones were present in the R3 and R4 population. Furthermore, a negative control phage bearing no peptide (K07) showed minimal binding to U-CLL mAb068. Sequence analysis indicated the R3 population clones were highly diverse in sequence.
Analysis of Individual Phage Clones
Individual clones from the R3 and R4 population were screened for reactivity with U-CLL mAb068 using highthroughput phage ELISA. We identified 36 clones that had strong positive ELISA signals for U-CLL mAb068 (A 450 >1.0) and had specificity over control wells containing HSA (an [A 450 (mAb068)]/ [A 450 (HSA)] ratio of 13-fold was used as a cutoff). These clones corresponded to 23 unique amino acid sequences ( Table 2 ). Many of the sequences contained the cysteine residues at various spacings ranging from 2 to 10, although a CX 6 C pattern was more commonly observed. Four copies of the linear sequence NMSIATVP also were present in the dataset. To further evaluate selectivity for binding the CLL-associated mAb, we tested all 23 of these sequences for binding to an unrelated mAb and for their capacity to retain U-CLL mAb068 binding activity under high salt conditions (750 mmol/L NaCl). Eighteen of the 23 sequences fulfilled the criteria of being specific for U-CLL mAb068 and retaining binding activity in high salt (underlined in Table 2 and shown in Supplementary Table S1 ). Since these clones did not bind an unrelated IgG1 mAb, we conclude that they have specificity for U-CLL mAb068 and that the peptides bind the variable domains of the CLL mAb. Furthermore, the ability of these clones to bind under high salt conditions suggests the interactions between the peptides and U-CLL mAb068 involve specific contacts and are not due to general electrostatic or hydrophobic binding.
To gain further insight into binding selectivity, we grouped the 18 mAb068-specific sequences into families based on amino acid composition. We found that the clones clustered into five distinct families of varying conservation (Figure 2 ). Clone E6 was not closely related to any other clone and therefore was not classified according to any family. Members of families 1, 2 and 4 showed high conservation, suggesting that these clones bind in a similar manner. However, families 3 and 5 contained more disparate primary sequences. Overall, the diversity in the sequences, from content of hydrophilic/hydrophobic residues to spacing between cysteine residues, indicates that U-CLL mAb068 is able to bind a number of sequences.
Phage display studies with the linear PhD library resulted in strong consensus sequences against mAbs associated with the less aggressive M-CLL BCRcontaining B-cells (26) . Previous studies suggest that greater antigen-binding promiscuity of U-CLL than M-CLL BCR combining sites may lead to the higher activation of U-CLL clones (28) and their more aggressive clinical properties (16, 17) . Of note, selection of phage peptides against antibodies does not necessarily provide information about binding promiscuity. For example, an affinity-matured HIV-1 antibody has been reported to display binding promiscuity for several disparate peptide sequences from synthetic and phage displayed libraries (29) . Nonetheless, it is interesting to note that distinct families of sequences were obtained from selection against U-CLL mAb068.
In Vitro Characterization of U-CLL mAb068-Binding Peptides
We synthesized several peptides corresponding to sequences from the U-CLL mAb068 selection isolated here: peptide D4-Btn belonging to the well conserved family 2; peptide D2-Btn from the less conserved family 5 with longer length; and peptide E6-Btn with no significant similarity to other selectants (Table 3) . We also produced two peptides identified in our previous study using the commercially available 12-mer PhD library (26) : peptide PhD-068-4-Btn isolated with U-CLL mAb068 and peptide PhD-169-8-Btn, isolated by an IGHV-mutated CLL mAb with different IGH and IGL variable regions (M-CLL mAb169). All peptides were purified by HPLC in good yield. In all of the above cases, a C-terminal biotin was included for detection. Disulfide bonds in D4-Btn, D2-Btn and E6-Btn were formed by air oxidation; MALDI-MS and HPLC analysis indicated disulfide bond formation was complete in all cases.
ELISAs in which the binding of peptides to immobilized U-CLL 068 mAb was detected with streptavidin-horseradish peroxidase (SA-HRP) were performed (Figure 3) . Peptide D2-Btn bound U-CLL mAb068 with the highest ELISA signal and the lowest halfmaximal binding titer. A drop-off in the ELISA signal was evident at concentrations higher than 100 nmol/L, possibly due to the prozone effect. Peptide E6-Btn also exhibited some ELISA signal, albeit weaker in comparison to D2-Btn and with less dose responsiveness. As expected, PhD-068-4-Btn exhibited a binding ELISA signal, but this had higher half-maximal binding titer than D2-Btn. Peptide D4-Btn from conserved family 2, did not show any binding signal. Thus, binding did not correlate directly with conservation among families shown in Figure 2 . As expected, PhD-169-8-Btn (selected against M-CLL mAb169 (26)), did not bind U-CLL mAb068.
To further explore the binding properties of these peptides, we examined the binding of these peptides to U-CLL mAb068 and/or M-CLL mAb169 by surface plasmon resonance (SPR). To do this, we synthesized several variants with a C-terminal polylysine segment (E6-3K, D2-3K, D4-3K, PhD-068-4-4K, PhD-169-8-4K). The polylysine segment was included to improve solubility and minimize aggregation or nonspecific hydrophobic effects for in vitro assays.
Because many binding sensorgrams did not obey 1:1 Langmuir binding, we performed equilibrium analysis rather than kinetic analysis in those cases. We found that E6-3K had a strong concentration-dependent binding signal to U-CLL mAb068 but not M-CLL mAb169 ( Figure 4A ). These data are consistent with the biotinylated peptide ELISA results in Figure 3 , and indicate that E6-3K bears specificity for the U-CLL mAb068 over M-CLL mAb169. Peptide D2-3K also bound U-CLL mAb068, but the amplitude of the equilibrium signal (in response units) was generally lower than E6-3K at equivalent peptide concentrations ( Figure 4B ). Furthermore, D2-3K also showed specificity for U-CLL mAb068 over M-CLL mAb169. Aggregation at high concentrations prevented determination of the saturation point for binding U-CLL mAb068 for both peptides. However, fitting of the partial sigmoids led to K D estimates in the micromolar range (~110 μmol/L for E6-3K and ~60 μmol/L for D2-3K). Both PhD-068-4-4K and PhD-068-4-Btn had robust SPR binding signals for U-CLL mAb068, whereas peptide D4-3K did not (not shown); these were consistent with the biotinylated peptide binding ELISA findings. However, thermodynamic Figure 3 . ELISA of biotinylated peptides against U-CLL mAb068. analysis indicated these interactions were weaker than E6-3K and that there was little specificity for U-CLL mAb068 over M-CLL mAb169 ( Figures 4C, 4D) . Thus, U-CLL mAb068 participated in a broad range of low-affinity interactions. The disparity in the off-phage and onphage binding behaviors may be due to polyvalency effects on the phage surface (~50 copies of each peptide are displayed for the peptide isolated in this report; ~5 copies/phage for peptides from the PhD library in the previous report) (26) .
B I N D I N G P R O P E R T I E S O F A N U N M U T A T E D C L L A N T I B O D Y
By contrast, PhD-169-8-4K showed a strong, robust binding signal to M-CLL mAb169 (Supplementary Figure S2) . The binding behavior of this peptide obeyed 1:1 Langmuir binding kinetics, and both kinetic and equilibrium analyses were in agreement, resulting in K D values of 32 nmol/L and 31 nmol/L. Furthermore, this interaction was highly specific because no significant binding was observed against U-CLL mAb068 (not shown). It is interesting to note that high affinity peptides could be readily isolated against M-CLL mAb 169, but not against U-CLL mAb 068 using the PhD library.
DISCUSSION
Thus we have selected and characterized peptides that bind an antibody from a CLL B-cell clone with a surface membrane Ig coded by germline IGHV-D-J and IGLVκ -Jκ segments, finding that this U-CLL mAb recognizes a diverse set of peptide sequences, some of which cluster into conserved families. These U-CLL mAb-peptide interactions are generally of modest micromolar affinities as determined by surface plasmon resonance and contrast with the high affinity (nanomolar) interaction of an M-CLL mAb with a phage-derived peptide.
These findings indicate that some U-CLL mAbs bind with relative selectivity to peptides of defined and discrete structure, suggesting that selection for reactivity with these epitopes occurred in normal B cells giving rise to CLL in patients. These epitopes may be environmental or self in nature, depending on the type of CLL mAb (1, 9, 10) 
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